Changing environmental conditions can lead to population diversification through differential 8 selection on standing genetic variation. Structural variant (SV) polymorphisms provide 9 examples of ancient alleles that in time become associated with novel environmental 10 gradients. The European plaice (Pleuronectes platessa) is a marine flatfish showing large 11 allele frequency differences at two putative SVs associated with environmental variation. In 12 this study, we explored the contribution of these SVs to population structure across the North 13 East Atlantic. We compared genome wide population structure using sets of RAD 14 sequencing SNPs with the spatial structure of the SVs. We found that in contrast to the rest 15 of the genome, the SVs were only weakly associated with an isolation-by-distance pattern. 16 Indeed, both SVs showed important allele frequency differences associated with two 17 different environmental gradients, with the same allele increasing both along the salinity 18 gradient of the Baltic Sea, and the latitudinal gradient along the Norwegian coast. 19 Nevertheless, both SVs were found to be polymorphic across most sampling sites, even in 20 the Icelandic population inferred to originate from a different glacial refuge than the 21 remaining populations from the European continental shelf. Phylogenetic analyses 22 suggested that the SV alleles are much older than the age of the Baltic Sea itself. These 23 results suggest that the SVs are older than the age of the environmental gradients with which 24 they currently co-vary. Interestingly, both SVs shared similar phylogenetic and genetic 25 diversity, suggesting that they have a common origin. Altogether, our results suggest that 26 the plaice SVs were shaped by evolutionary processes occurring at two time-frames, firstly 27 following their common origin and secondly related to their current association with more 28
Introduction

32
Disentangling neutral from selective forces acting on the process of population divergence 33 is a key part of population genetics as the two forces provide different information about the 34 mechanisms shaping population structure (Wright, 1978) . While neutral markers provide 35 data about population connectivity and demographic processes (Beaumont and Nichols, 36 1996) , markers under selection can reveal the existence of locally adapted populations or 37 cryptic speciation processes ongoing in a meta-population (Gagnaire et al., 2015 , Benestan 38 et al., 2018 . Access to high numbers of genetic markers obtained from high throughput 39 sequencing technologies has increased the power to detect genetic markers under 40 selection. Recently, such genomic approaches have highlighted the importance of structural 41 variants (SVs), which have often been associated with signals of selection in natural 42 populations (see special issues: Wellenreuther et al., 2019) . SVs can originate from 43 changes in copy number (deletion, insertion and duplication), orientation (inversion) or 44 position (translocation, fusion) of DNA sequences resulting in reduced levels of 45 recombination between rearranged parts of the genome (Kirkpatrick, 2010) . Reduced 46 recombination causes such chromosomal rearrangements to follow independent 47 evolutionary pathways, often showing higher levels of population divergence than collinear 48 regions of the genome (Navarro and Barton, 2003a Barton, , 2003b Farré et al., 2013) . The SVs can 49 harbour hundreds of genes and thus may have functional consequences for the organism 50 (reviewed in Wellenreuther and Bernatchez, 2018) . 51 Structural variants have been found to be important for promoting the evolution and 52 maintenance of locally adapted populations in the face of gene flow. In a system of 53 interconnected populations, gene flow results in the rapid homogenisation of genetic 54 variation and is the main evolutionary force acting against the process of divergence 55 (Slatkin, 1987) . In the most extreme condition, when gene flow is too high, mutations that 56 are favourable in a local environment are likely to recombine with maladapted genomic 57 backgrounds, and can be lost through swamping effects (Lenormand, 2002) . However, if 58 two (or more) locally advantageous mutations are located within the same SV, the absence 59 of recombination with adjacent, maladapted genomic backgrounds increase their fitness 60 locally. In comparison to independent genetic variants, mutations within SVs are less better adapted to low salinity than the plaice, and can be found in freshwater lakes and in 114 the innermost parts of the Baltic Sea where plaice does not occur 115 2007). Therefore, it is possible that the European flounder is the source of the SVs found in 116 plaice. 117 In the present study, our overall objective was to increase our understanding of the origin of 118 the SVs and their effects in contemporary populations of the European plaice. Specifically, 119 the main goals of the study were to: i) test for a potential flounder origin of SVs; ii) estimate 120 the age of the SVs in plaice with a phylogenetic approach; iii) re-assess the population 121 structure in European plaice from northern Europe and from Iceland with the use of a 122 population genomics approach, iv) evaluate the contribution of SVs to population structure, 123 and v) provide relevant data to understand the extent to which selection is involved in 124 maintaining the allelic clines observed at the SV. This work thus provides increased insight 125 into the relative roles of environmental gradients, demographic history, hybridization and 126 genomic structural changes in the evolution of a widespread and highly abundant species. and Iceland in 2013. Most of the northern parts of the plaice distribution was covered with 139 this sampling design. Analyses included 255 plaice in total, along with ten European flounder 140 (the species hybridizing with plaice in the study area), and ten common dab (Limanda 141 limanda), a closely related but reproductively isolated species from both European plaice 142 and European flounder, to be used as outgroup in the phylogenetic analyses. 143 (Catchen et al., 2013) . Specifically, the samples were demultiplexed with "process radtag" 164 by removing reads with mean sequencing quality below 10 and reads with uncalled base 165 pairs. On average, we obtained six million reads per sample ( Figure S1 ). The reads were 166 trimmed to 85 bp using trimmomatic (Bolger et al., 2014) , and aligned to the Japanese permutations with the R base package (Ihaka and Gentleman, 1996) . All analyses were 207 conducted by including and excluding the two chromosomes carrying the SVs, as well as 208 using the information from these two chromosomes only. Additionally, the correlation 209 between genome-wide population structure and the structure displayed by the structural 210 variants was assessed by Mantel tests on the genome-wide FST matrix without the SVs and 211 both FST matrices of the structural variants only. 212 We used an approximation-of-diffusion approach, as implemented in the software δaδi 213 (Gutenkunst et al., 2010) , to examine the demographic histories associated with the major population breaks that separate populations from the continental shelf and Iceland (Hoarau   215   et al., 2002) . Specifically, we assessed the demographic history of the divergence of Iceland 216 and its closest continental shelf population sample from Norway, using the "northern" 217 dataset. For this analysis, only polymorphic sites with a minimum allele count of 2 in at least 218 one of the two populations were kept, which were then filtered for LD (1 SNP per 1000kb). 219 In total, four standard scenarios of demographic history were compared: the Strict Isolation Genomic analyses of the structural variants 226 The two chromosomes carrying the putative SVs (named respectively, C19 and C21 and 227 SV19 and SV21 in the following), were extracted from the overall dataset (LD and MAF 228 pruned) to construct two independent sub-datasets to examine population structure in the 229 SVs alone, using a PCA approach (on 222 and 210 SNPs, respectively). Initial PCA plots 230 showed clustering into three distinct groups ( Figure 1 ) and hence suggested that each SV 231 behaves like a Mendelian character with two major divergent alleles of multiple linked loci 232 leading to three distinct "haplogroups" (two homozygotes and one heterozygote). 233 Consequently, we performed DAPC analyses with adegenet (Jombart and Ahmed, 2011) 234 set to three groups, to identify the haplogroup of each individual using the find.cluster Several SNPs showed observed heterozygosity (HO) of 1 in haplogroup 2 ( Figure S6 ) which 243 also had FST = 1 between haplogroup 1 and 3 carrying different alleles (Figure 3c-d) . These 244 results are expected for SVs and therefore validated our genotyping procedure. Then, we 245 used the DAPC groups as genotype input to calculate the pairwise FST between populations 246 at each SV using hierfstat (Goudet, 2005) . 247 We analysed the subsets of the overall data ("northern" and "southern" dataset combined) 248 without pruning for LD to increase the genomic coverage and better describe the genomic along the chromosome in the different pairwise comparisons. We focused on the upper 257 quantile to limit effects from variable levels of diversity across the SVs that would tend to 258 depress average FST in certain regions along the SVs ( Figure S7 ). Finally, we estimated LD 259 by calculating the pairwise correlation between loci localised on chromosomes 19 and 21. 260 These statistics were computed using vcftools (Danecek et al., 2011) revealed that the most likely scenario for the origin of the separation between Iceland and 337 the continental shelf was a scenario of past isolation followed by a secondary phase of gene 338 flow (SC model - Figure S11 and Table S5 ). The difference in AIC between this model and 339 the second best model (Ancestral migration; AM) was 2912, which represents a very strong 340 support for the SC among the tested models (Rougeux et al., 2018) . The estimate of the 341 time of divergence, including the isolation phase, was ten times higher than estimated time 342 under the secondary contact phase (Table S5) Figure S2 & Figure S3 ). Genomic variability and differentiation of the structural variants 375 A high dispersion of samples from the North Sea and Kattegat was observed on the second 376 axis of the PCA (light blue and green samples in Figure 1b ). This dispersion mostly involved 377 SNPs from chromosome 19 and 21 carrying structural variants ( Figure S4b showing the 378 PCA loading plot). The PCA based on these chromosomes showed three clusters of 379 samples which were also inferred in the DAPC analyses (Figure 1c & d) . In both cases, the 380 clusters were likely due to the presence of two divergent multi-locus alleles segregating in 381 the plaice populations for each SV, resulting in three haplogroups corresponding to two 382 homozygotes (haplogroups 1 and 3 in blue and yellow, respectively) and one heterozygote 383 cluster (haplogroups 2, in green). high FST between population that are geographically close (Table S4 , illustrated Figure 3c ). 390 This large differentiation was evident across nearly one half of the chromosomes, from 1.4 391 Mbp to 9.9 Mbp for SV19 ( Figure 3c ), and from 10.5 to 20 Mbp for SV21 ( Figure 3b ). Figure 3b and Figure S10 ). The individuals from haplogroups 1 and 395 3 were differentially fixed for eight and 30 SNPs within SV19 and SV21, respectively (also 396 represented by the black dashed line in Figure 3b ). Strong LD occurred along the entire 397 SVs, confirming that recombination between the SV alleles is rare (Figure 3d ). Only 398 haplogroup 1 in each SV (in yellow in Figure 3 ) showed reduced genetic diversity whereas 399 haplogroup 3 (in blue in Figure 3 ) had a higher genetic diversity than the average observed 400 across the genome. As expected, the individuals from haplogroup 2 showed the highest 401 diversity of the three DAPC groups. The two SVs showed higher levels of linkage 402 disequilibrium than the average genome-wide (0.2 vs. 0.07), but lower levels than the 403 average LD within the SVs ( Figure S8 ). Chromosome 21 showed two peaks of LD separated 404 by a distance of 5Mbp of limited LD (Figure 3d ). The LD within the two regions were 405 equivalent to the LD between these regions (Figure 3d ). We identified 200 and 256 genes located within SV19 and SV21, respectively 416 (Supplementary file I). Of these genes, 48/66 in SV19/SV21 had a known function in zebra 417 fish, and 145/191 in humans. For SV21, we detected functional enrichment linked to 418 physiological or morphological membrane disruption (>100% enrichment, p = 3.1x10 -10 ), 419 immune and defence response to bacteria (16%, p = 1,6x10 -05 ), and chromosome/chromatin 420 organization (10%, p = 6.5x10 -6 ) using the zebra fish database, and for purinergic receptor 421 (40%, p=4.52x10 -7 ) using the human database. However, no functional enrichment was 422 identified for genes in SV19. By pooling both gene lists only the gene enrichment for SV21 423 was detected without additional function using the zebrafish database. However, using the 424 human database, we identified functional enrichment for pre-B cell allelic exclusion (62%, 425 p=7.5x10 -5 ), which are genes involved in the immune system. Moreover, when looking 426 specifically for known candidate genes involved in the local adaptation in other marine 427 fishes, we found the presence of two genes linked to heat shock proteins (heat shock factor-428 binding protein 1 and 4) within SV19. Figure 4 ). However, the two haplogroups were clearly divergent in both SV 436 phylogenies, with an average distance of 0.0020 and 0.0017 substitutions per site for SV19 437 and SV21 (Figure 4) , respectively. In each case, the deepest branches were observed for 438 haplogroup 1 (yellow) which lead to a different estimate of divergence for each branch, 439 around 460 (504-434) and 200 (224-179) kya for haplogroups 1 and 3, respectively. The 440 longest branch of the SVs resulted in an average plaice-flounder divergence slightly higher 441 than outside the SVs (0.0120 and 0.0115 substitutions per site, respectively). 442 We found a low, but statistically significant, effect of introgression between the plaice and 443 the flounder (f4 = 0.004, p-value < 0.05). However, this signal was mostly carried by three 444 loci from SV19 and one from SV21 that showed a departure with the tree phylogeny of the structural variants. In all cases, the flounder and haplogroup 1 of the plaice were nearly fixed 446 for the same allele, which was different from the major allele observed in the common dab 447 and within haplogroup 3 of the plaice. Removing these SNPs lead to f4 statistic values not 448 significantly different from 0 (i.e. indicating no effect of introgression). for our understanding of the origin and evolution of structural variants in the species. We 460 have also confirmed weak but significant genetic structure among continental shelf samples. 461 Removing the SVs from the analyses leads to a stronger pattern of isolation-by-distance 462 among European plaice samples (from r = 0.56 to r = 0.96) which was not detected in 463 previous European plaice studies based on six microsatellite markers (Hoarau et al., 2002; 464 Was et al., 2010). Thus, the results highlight the power of increasing genomic resolution to 465 detect subtle population structure for species with high gene flow. Below, we discuss the evolution and effects of structural variants in European plaice in the context of population 467 history and structure of the species in the northern Atlantic.
468
Origin of structural variants in European plaice 469 The low genetic diversity of haplogroup 1 (yellow, Figure 3c ) and their long branches in the 470 phylogenies ( Figure 4) could be due to the presence of a third small inversion. However, the similar value of LD 486 within and between the two LD blocks on this chromosome suggest that they may be part 487 of the same inversion and that a lack of synteny between the plaice and the Japanese 488 flounder reference genome results in two distant peaks of LD on chromosome 21. 489 Age of the structural variants: reported SVs in European plaice.
As mentioned above, we have confirmed the isolation of the Icelandic population which has 530 also been described in previous work (Hoarau et al. 2002) . It has been hypothesized that suggesting that they share a common origin. Although our analyses did not completely 636 clarify this origin, our study highlights an additional mechanism promoting the rapid 637 reassembling of adaptive variation, i.e. the presence of SVs that maintain adapted alleles 638 together by decreasing recombination between adapted and maladapted backgrounds. inversions would be a major step towards understanding the implication of these genomic 679 regions for population divergence and local adaptation. Such studies will provide an 680 interesting framework to assess the evolutionary pathways involved in maintaining structure 681 in this species where dispersal should normally limit population divergence. Figure S1 : Individual quality statistics of the data per population with a) the total number of reads, b) the number 942 of reads with phred33 quality above 10, c) the percentage of reads mapped back to the Japanese flounder 943 genome, d) the average coverage per RAD-tag and e) the average coverage per RAD-tag after data filtration Figure 
